Introduction
Drought, heat, and salinity are major abiotic stress factors affecting plant growth and productivity. A profound understanding of physiology, genetics, and molecular biology is important for breeding tolerant plants (Foolad, 2004) . In the last decade, several DNA markers have been developed for tomato and related crops (Areshchenkova and Ganal, 1999; Poysa et al., 2003) . Biomarkers, which are mainly applied to human studies, can potentially be deployed for crop plants. Current applications of biomarkers include cancer research and diagnostics, personalized medicine, and drug response (Rolan et al., 2003) . Genome-wide biomarkers can facilitate tomato research, particularly for genetic analysis. In addition, they can be used in breeding to improve important traits such as yield, fruit quality, and resistance to biotic stresses and tolerance to abiotic stresses.
In tomatoes, both stress-specific responsive genes (Sun et al., 2010) and general responsive genes (Orellana et al., 2010) were identified. However, there is cross-talk between plant signaling pathways under different abiotic stresses (Knight and Knight, 2001; Albacete et al., 2010) . Calciumsignaling genes have been reported to be upregulated in response to both cold and salinity stresses (Mahajan and Tuteja, 2005) . The exposure of drought-stressed plants to heat was shown to induce unique metabolic responses (Krasensky and Jonak, 2012) . This cross-talk between various stresses occurs at an upper regulatory level, such as transcription factors. Such factors activate a wider network of genes and could have deleterious effects on total plant performance (Wang et al., 2003) . Therefore, it is vital to study the unique molecular mechanisms underlying signaling components for each abiotic stress.
Expression profiling is an important tool to study plant responses to abiotic stresses, such as transcriptional characterization of tomato roots under iron deficiency stress (Zamboni et al., 2012) . In some cases, the transcriptional changes can lead to successful adaptation and tolerance. However, if plants fail to adapt to the stressful environment, they are considered sensitive to that condition. Therefore, expression profiling can define both tolerant and sensitive plant responses (Rai et al., 2010) . These profiles can lead to specific regulators to elevate stress tolerance and can be used as tools to study regulatory genes (Hazen et al., 2003) .
It is possible to detect differences in steady-state transcript accumulation derived from diverse conditions by comparing cDNAs derived from multiple types, or from a single type under different conditions. Such differentially expressed products can be identified and sequenced (Liu and Baird, 2003) . However, understanding the components and targets of abiotic stress networks needs a holistic approach (Zhu, 2002; Chinnusamy et al., 2005; Munns and Tester, 2008; Amtmann, 2009) . The use of DNA microarrays can provide insights into tissue-, developmental-, and environmental stimuli-specific genes. Microarray profiling was found to be useful for analyzing gene expression patterns under stress conditions (Cushman and Bohnert, 2000; Kawasaki et al., 2001; Ma et al., 2006) . The objective of this study was to analyze genome-wide biomarkers related to abiotic stresses (drought, heat, and salinity) in tomatoes utilizing 2 lines (susceptible and tolerant) per stress.
Materials and methods

Plant material and stress treatments
Three abiotic stresses were investigated (drought, heat, and salinity). For each stress, 2 extreme tomato lines were included. Drought stress was applied to drought-tolerant line EC520061 and drought-susceptible line CO-3 (Rai et al., 2010) . Heat stress was applied to heat-tolerant line PS-1 and heat-susceptible line H-24 (Rai et al., 2010) , while salinity stress was applied to salinity-tolerant line L56 and salinity-susceptible line L46 (Alsadon et al., 2013) . Plants were grown under optimal conditions for tomato plants in a greenhouse. Drought stress was applied by withholding water for 7 days, while heat stress was applied by subjecting the plants to 40 °C for 60 min in a growth chamber before sample collection (Rai et al., 2010) . Salinity stress (9.6 dS m -1 ) was applied 5 days after transplanting through a drip irrigation system (Alsadon et al., 2013) .
Labeling and hybridization
Leaf samples were collected at the flowering stage (75 days). Each line under each stress was represented by 3 biological replicates, each representing a different sample. Total RNA was isolated using a dedicated kit (QIAGEN, USA) and antisense RNA was synthesized and labeled with the GeneChip 3' IVT Express Kit (Affymetrix, USA). Labeled samples were hybridized to Affymetrix GeneChip tomato genome arrays, processed, and scanned; CEL files were generated by the Affymetrix Expression Console.
Data analysis
Data normalization and statistical analysis were performed with ArrayStar 5 software (DNASTAR, USA). Data were normalized using robust multiarray analysis with quantile normalization and were log-transformed. For statistical comparisons of relative expression between pairs of lines, Student's t-test was employed with the FDR < 0.05 (Benjamini-Hochberg) multiple testing correction algorithm. Heat maps were generated by hierarchical clustering using Euclidean distance metrics and gene expression overlaps were presented as Venn diagrams. Enrichment of gene ontology (GO) annotation was determined by P < 0.05 using the hypergeometric probability distribution. The tomato Affymetrix array was annotated using Blast2Go (www.blast2go.com).
Real-time PCR
A group of probe sets were tested to verify expression using quantitative PCR (qPCR) with 3 replicates. Corresponding genes were retrieved from the tomato genome (http:// solgenomics.net/) and primers were designed to span an intron when possible (Table 1) . First-strand cDNA was generated by reverse transcriptase (Promega, USA) and expression was amplified with SYBR Green mix (QIAGEN). Amplification data were collected with an ABI 7500 thermal cycler (ABI, USA). Actin was used a reference gene and fold-change in gene expression was determined from C T values using the 2 -ΔΔCT method (Livak and Schmittgen, 2001 ).
Results
Tomato under drought stress
When comparing differentially expressed genes under drought stress, prominent genes could be identified in the drought-tolerant line as compared to the susceptible line ( Table 2 ). The upregulated genes in the drought-tolerant line were related to energy, plant hormones, and cation transporters. The number of genes upregulated 2-, 3-, 4-, and 5-fold in the drought-tolerant line compared to the susceptible line were 3010, 1680, 1035, and 734 genes, respectively. On the other hand, 1974, 1172, 784, and 586 genes were upregulated in the drought-susceptible line by 2-, 3-, 4-, and 5-fold, respectively.
When the 3010 upregulated genes (2-fold) were compared between the drought-tolerant line and other tolerant lines (heat and salinity), 147 and 82 genes were found to be shared with the heat-tolerant and salinitytolerant lines, respectively (Figure 1) . The unique 2777 genes associated with drought tolerance were GOenriched (Table 3) . We found genes related to regulation of biosynthetic processes as well as transferase activities and cation binding, such as magnesium and calcium. Some putative drought-associated genes covered up to 85.7% of all array genes with the similar GO term.
Tomato under heat stress
Comparing differentially expressed genes under heat stress revealed unique genes in the heat-tolerant line compared to the susceptible line (Table 2 ). Upregulated genes in the heat-tolerant line were related to protease inhibitors and transcription factors. Numbers of genes upregulated 2-, 3-, 4-, and 5-fold in the heat-tolerant line compared to the susceptible line were 389, 88, 41, and 30, respectively. In the heat-susceptible line, 549, 178, 81, and 44 genes were upregulated 2-, 3-, 4-, and 5-fold, respectively. When the 389 upregulated genes (2-fold) were compared between the heat-tolerant line and other tolerant lines, 147 and 30 genes were found to be shared with the drought-tolerant and salinity-tolerant lines, respectively (Figure 1) . The distinctive 208 genes associated with heat tolerance were GO-enriched (Table 4) . We found genes related to negative regulation of catalytic activity, steroid biosynthetic processes, and the regulation of hormone levels as well as genes related to enzymatic activities like peptidase regulator activity, catalytic activity, and hydrolase activity. Some heat-associated genes demonstrated up to 100% coverage of all array genes with a similar GO term.
Tomato under salinity stress
Under salinity stress, comparing differentially expressed genes showed that prominent genes that could be identified in the salinity-tolerant line as compared to the susceptible line ( Table 2 ). The upregulated genes in the salinitytolerant line were related to transcription factors and calmodulins. The numbers of genes upregulated 2-, 3-, 4-, and 5-fold in the salinity-tolerant line compared with the susceptible line were 356, 92, 42, and 27, respectively. On the other hand, 365, 82, 34, and 17 genes were upregulated in the salinity-susceptible line by 2-, 3-, 4-, and 5-fold, respectively.
When the 356 upregulated genes (2-fold) were compared between the salinity-tolerant line and other tolerant lines, 82 and 30 genes were found to be shared with the drought-and heat-tolerant lines, respectively (Figure 1) . The unique 240 genes associated with drought tolerance were likewise GO-enriched (Table 5) . We found genes related to response to stimulus, response to stress, and defense responses as well as catalytic activity and beta-D-glucosidase activity. Certain salinity-associated genes showed up to 60% coverage of all array genes with a similar GO term.
The qPCR performed for selected tomato probes revealed similar trends in fold increase for probes upregulated in the salinity-tolerant line (Figure 2a ) and in the salinity-susceptible line (Figure 2b) . However, some probes showed different fold-levels, e.g., probe Les.3940.2.A1 showed 20-and 5-fold increases in array and qPCR, respectively, while probe LesAffyx.62070.1.S1 showed 5-and 15-fold increases in array and qPCR, respectively (Figure 2b ).
Putative stress-specific biomarkers
To identify important and unique abiotic responsive genes, another comparative analysis was performed utilizing the expression data of all stresses in tomatoes. Two heat maps were generated to determine important responsive gene clusters for each stress. The data showed more upregulated drought stressresponsive genes in the drought-tolerant line (under drought stress) than either the heat-tolerant line ( Figure  3a) or the salinity-tolerant line (Figure 3b ). On the other hand, another comparative heat map showed upregulated heat stress-responsive genes in both heattolerant and susceptible lines (under heat stress) as compared to the drought-tolerant line (Figure 4a ) and the salinity-tolerant line (Figure 4b) . A third pair of heat maps showed upregulated salinity stress-responsive genes in both salinity-tolerant and salinity-susceptible lines (under salinity stress) as compared to the droughttolerant line (Figure 5a ) and the heat-tolerant line (Figure 5b ). There were 3010 upregulated genes (2-fold) in the drought-tolerant line compared to the susceptible line. This group overlapped with the other 2 groups generated by comparing the drought-tolerant line to the other 2 tolerant lines (heat and salinity). The Venn diagram revealed 1214 common genes associated with drought tolerance (Figure 6a ). Additionally, 2 other similar comparisons were performed for heat and salinity stresses. The Venn diagrams revealed 95 common genes associated with heat tolerance (Figure 6b ) and 82 common genes associated with salinity tolerance ( Figure  6c ). 
Discussion
Distinguished upregulated genes were revealed in the drought-tolerant line under drought stress compared to the heat-tolerant line under heat stress (Figure 3a) . This included important stress-responsive genes such as MYB transcription factors (Seo et al., 2009; Zhang L et al., 2012) . It also included SAUR family proteins, which are known for rapid induction by transient changes in environmental factors (Kant et al., 2009; Kodaira et al., 2011) and NAC domain proteins ( plant development, abiotic stress responses, defense, and leaf senescence (Chen et al., 2011) . Moreover, some genes were upregulated under control conditions (no stress) in the drought-tolerant line (data not shown). Even though they were expressed at lower levels than under drought treatment, this expression represents an example of priming in the absence of any stress stimuli. The situation was more prominent when comparing the droughttolerant line under drought stress to the salinity-tolerant line under salinity stress (Figure 3b ). Upregulated genes in this comparison included SAUR family proteins and SNF4, which is an important stress signaling molecule in Arabidopsis (Halford et al., 2003) (Table 6 ). Heat implies the deployment of an unusual set of plant genes to cope with the stress. Upregulated genes in the heat-tolerant line as compared to the drought-tolerant line under drought stress revealed both proteinase inhibitors and heat shock proteins (Table 7) . Nonetheless, some genes were also upregulated in other lines (Figure 4a ). Probe set LesAffx.286.2.S1 covering the MIP TIP subfamily, which is similar to aquaporin, was overexpressed in all lines under all conditions except in the drought-tolerant line. The MIP genes are known to respond to salinity stress . The second set involved comparison of the heattolerant line under heat stress over the salinity-tolerant line under salinity stress (Figure 4b ). This comparison is similar to the drought stress set, where comparing the heattolerant line under heat stress to the salinity-tolerant line under salinity stress revealed a prominent gene expression profile. Both proteinase inhibitors and heat shock proteins were among the upregulated genes (Table 7) , which is similar to the earlier comparison (heat versus drought).
In the case of salinity stress, heat maps revealed a clustering of special stress-specific biomarkers ( Figure  5 ). Upregulated genes in the salinity-tolerant line under salinity treatment as compared to the drought-tolerant line under drought condition revealed 2 major clusters ( Figure   5a ). The first was upregulated merely under salinity stress. This included Psi14A and Psi14B, which are phosphate starvation-induced proteins (Table 8 ). The second group was upregulated moderately in all other lines except the drought-tolerant. This included both the cathepsin D inhibitor protein and the trypsin proteinase inhibitor precursor. Expression of defense-related genes such as cathepsin D inhibitor and other wound-signaling genes (Herbers et al., 1994) were found to increase in response to 5 days of continual exposure of tomato plants to high salinity stress at 200 mM NaCl (Dombrowski, 2003) . Abiotic stress can cause upregulation of several proteolytic enzymes in plants, which cleave defective and denatured proteins. In addition, these enzymes are crucial for the processing and activation of newly synthesized proteins (Mosolov and Valueva, 2011) . The serine proteinase inhibitor (22 KDa) was found to accumulate after salinity stress in Brassica napus (L.) leaves (Reviron et al., 1992) . Furthermore, the special trypsin proteinase inhibitor of a salinity-tolerant hybrid (wheat × Agropyron) was found to enhance salinity tolerance in transgenic Arabidopsis (Shan et al., 2008) .
Our microarray transcriptome profiling revealed more salinity responsive genes with high expression in the tolerant tomato line than in the susceptible one, which agrees with the findings of Sun et al. (2010) . In plants, salinity-tolerant lines were found to be primed for some highly influential responsive genes, which are constitutively overexpressed even under unstressed conditions (Taji et al., 2004) . The salinity-tolerant line showed 3 probe sets similarly upregulated in PI365967 (Sun et al., 2010) , namely cell wall peroxidase, TSI-1 protein, and flavonol synthase. The first 2 genes are grouped under defense, while the third is grouped under oxidoreductase. The probe set Les.3673.1.S1 (beta-1,3-glucanase) showed a 31.2-fold increase in the salinity-tolerant line. Several investigations reported beta-1,3-glucanase-related proteins to be important in response to salinity stress in sorghum (Swami et al., 2011) , in grapes (Daldoul et al., 2008) , and even in bacteria (Tamoi et al., 2007) . On the other hand, the NAC domain proteins (Les.2569.1.S1) were upregulated in the salinity-tolerant line compared to susceptible line by 6.5-fold. Our findings are in agreement with those of Ouyang et al. (2007) , who also found that expression of NAC domain proteins was linked with salinity stress based on suppression subtractive hybridization and microarray analysis. Another important stress biomarker is the APETALA2/ethylene-responsive element-binding protein (AP2/EREBP) transcription factor, which is an important responsive gene for both biotic and abiotic stresses, and it has cis-acting elements (Park et al., 2001; Zhang et al., 2005) . The AP2 transcription factor (LesAffx.70768.1.S1) was likewise upregulated in the salinity-tolerant line compared to the susceptible line by 5.3-fold. It is worth noting that exposure to salinity stress for the plant material described herein differs from that recorded by Sun et al. (2010) . In our case, tissues were sampled from plants that were grown in a greenhouse for several weeks of continuous salinity stress (9.6 dS m -1 , ca. 100 mM NaCl). This situation mimics an actual commercial production scheme for tomatoes. In contrast, the plant materials described by Sun et al. (2010) were artificially shocked for a short period (5 h) with 200 mM NaCl. This is a very high salt concentration, which is unusual for growing tomatoes, even for salinity-tolerant cultivars or hybrids. Therefore, screening under greenhouse production conditions would probably lead to a selection of robust lines carrying putative responsive genes and can lead to a reliable breeding program. Upregulated genes in susceptible lines could be byproducts of stress damage; however, others may be involved in tolerance against the stress. Although these lines were considered "susceptible" based on agronomical and biochemical analyses, they still have some putative stress-tolerance biomarkers. Such biomarkers can be utilized in breeding to integrate them into tolerant lines.
It is important to understand the agronomical and physiological changes associated with both the susceptibility and tolerance for any plant stress. These phenotypic responses are governed by spectacular biochemical and molecular changes. This study and similar reports (Amtmann, 2009; Rai et al., 2010; Sun et al., 2010) emphasize the importance of holistic approaches to study the hidden regulators that may vary along lines. On the other hand, environmental interactions with any investigated line can lead to deviated outcomes. Therefore, it is important to investigate responsive genes with overlapping expressions along different stresses. Some plant responses are very similar across abiotic stresses, while others are unique for each one (Grover et al., 1999; Hazen et al., 2003; Nakashima and Yamaguchi-Shinozaki, 2009 ). In fact, some unique stress-specific responsive genes were successfully illustrated in a major network governing plant abiotic stresses (Zhang H et al., 2012) .
In conclusion, tomato differential expression profile is an invaluable 'omics' tool, by which groups of putative stress-specific biomarkers can be disclosed. Such precious candidate genes can be integrated into available breeding lines. However, it is important to be cautious when selecting putative biomarkers from susceptible lines, because some of these stress-upregulated genes could be related to cell damage/degradation or signaling rather than to stress alleviation.
